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SUI'IMARY

F1y ash with free 1ime, rike that produced in Arkansas, will often
react with water and self harden in a manner similar to poriland cement.

The strength of the hardened fiy ash usua'l]y decreases as thc time between

the addition of water and the compaction of the mixture increases.

In order to reduce the'loss of strength in a compacted soil-fly
ash mixture and test the f1y ash in the field, a laboratory study and

fie]d test were made.

Laboratory Studv

The f'ly ashes used in the laboratory study had calcium oxide contents

from 20 to 30%. particle sizes of the fly ash were in the silt size

range

samples were mixed at 4 parts sand and 1 part f1y ash by weight.

The sand is uniform and ranges in size between the #4 and #200 sieve.

Sand- Fl y As h Mixtures . As the compaction delay time increased, the

unconfined compressive strength of the pueb'lo and Texas #1 ashes de-

creases. The Texas #2 sample increases in strength for the first 2

hours delay, then decreases in strength with delays of 3 and 4 hours.

The decrease in strength of the pueblo samp'les is from 740 psi at no

de'lay to 100 psi at 4 hours delay and Texas #1 decreases from i800 psi

to 830 psi. The Texas #2 samp'le, however, increased from 1290 to 1700

psi at 2 hours delay and then decreased to 1010 psi at 4 hours delay.

Changes in maximum dry density under modified compactive effort
are simi]ar to the changes in strength. Dry density for the pueblo

sample drops from 2.07 g/cc at no delay to 1.93 g/cc at 4 hours deiay.

The Texas #2 sample, however, remains approximately the same at 2.lz g/cc.
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Strength of the samples is sensitive to compaction water content.

At no de'lay in compaction, a change of two percent water, either to the

dry or wet side of optimum, ..ruits in strength decreases of about fifty
percent. At two hours delay in compaction, the strength is still sensi-

tive to water content and, furthermore, there is more scatter in the

data.

Dry density at no delay in compaction is about as sensitive to

changes in water content as are most soils. At two hours delay, the

curves are similar but there is more scatter in the data.

Retarders . Gypsum effectively reduces the loss in strength due to

delay in compaction of the pueblo ash samples (summary Tabie 1). In

fact,1% gypsum increases the no delay strength from 740 psi to nearly

1100 psi. At 2 hours de'lay in compaction, l% gypsum has a strength of

490 psi which is the same as the no delay samples without gypsum.

Density is also increased by gypsum (Summary Tab'le 1). The addi-

tion of 1% gypsum increases the no de'lay density by 0.1 g/cc. At two

hours delay in compaction, samples with gypsum were jess dense than at
no delay but most were more dense than samples without gypsum at no

del ay

PDA, a commerc'ial retarder manufactured by protex Industries,

produces an effect similar to that of gypsum (summary Table l) at e

hours delay in compaction. strength and density are increased by the

addition of 2 ml of PDA in a i600g sample.

Fi el d Stud.v

A field test at StlEPC0's Flint Creek power p'lant was conducted to

determine the effectiveness of equipment and procedures in soil-fly ash

construction. Three test strips were made, each 250 feet long, con-

iii'



Summary Table 1. Effegt g_f Retarders on
Pueb'lo Fty nsn simFt ii

Gypsum

No De'lay

2 Hr. De'lay

Strength(psi)

Density (g/cc)

740 900 1200 630

1 . 93 2.02 2.A6 2.03

740

?.0?

strength (psi ) 500 350 500 750 350

Density (g/cc) 1.95 i.96 i.88 Z.OO 1.98

No Del ay

2 hr. Delay

0

Strength (psi)

Density (g/cc) t

P Li
.Sml

740 500

.93 1.99 1

j

580 520 570

.92 2. 05 2. 1o

Strength(psi)

Densi ty (g/cc)

760 970 1080

1 .99 2.04 ?.07

500

1 .95

480

1 .99

Summary Table 2. Water Contents of
the Test Sections

10% Flv Ash 2o% v Ash

Section 1

Section 2

Section 3

10.5%

10.9%

9.4%

9.9%

8.2%

6.8%

30% F]y Ash

8.1%

7 .8%

s.5%

,l
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GAINS, FINDINGS, AND CONCLUSiONS

The following conciusions are based on the results of a study

using se'lf hardening f]y ash produced from wyoming low sulfur coal:
i. Self hardening f1y ash proriuced in Arkansas can stabi'lize

road bases.

2. The strength of soil-fly ash mixtures may be reduced sub-

stantial'ly by time delay between mixing and compaction.

3. Gypsum and some commercia'l cement retarders are effective
in reducing the adverse effects of delayed compaction.

4. Fly ash stabilization works best in sands and clays because

of better mechanicai interlock with soil particles.

5. Fiy ash characteristics vary widely. Qua'li ty control of
ash used for stabilization is desirabie.

6. Adequate mixing of soil and fly ash in the field is necessary.

7. Rapid compaction of soir and fly ash is necessary. compaction

should be completed within two hours after mixing.

vi



IMPLEMENTATION

F1y ash from coal fired power plants now operating and under

construction in Arkansas is a good potential resource for construction

of highways. The f1y ash is self hardening and can be used to sta-

bilize road bases.

when using f]y ash in Arkansas highway construction, attention

should be paid to the fol1owing factors:

1. Fly ash characteristics vary wide'ly and quality control of

ash used is desirab'le.

2. Adequate mixing of soil and f1y ash in the field is necessary.

3. Rapid compaction of soil and fly ash is necessary. compaction

shou'ld be completed within two hours after mixing with equip-

ment heavy enough to reach the specified density.
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I ntroducti on

F1y ash, a by-product of coal buring power plants, is effective

as a soil stabilizing agent. Some fly ash, like that produced in Arkansas

from wyoming ]ow su'lfur coal , wi]l harden when water is added and the

ash is compacted. Fiy ash which hardens with the addition of water only

is ca1led "se'lf hardening" f'ly ash. 0ther fly ashes require the addition

of 'lime to become an effective soil stabilizer.

The strength of soil-self hardening fly ash mixtures deveiops

rapidly in compacted mixtures with water (Thornton and parker, 1975, p.76).

However, a small time delay in compaction will cause a reduction in fly
ash effectiveness.

The purpose of the study reported herein is to investigate methods

for min'imizing the adverse effects of delayed compaction and to con-

struct a simulated field test base course. An eva'luation of various

admixtures which may de]ay the fiy ash reaction and the evaluation of
rapid compaction procedures are included in the study.

Background Information

F'l Ash-General

The chem'ical and physica] composition of a f]y ash js a function

of several variables:

1. Coal source;

2. Degree of coal puiver.ization;

3. Design of boiler unit;

4 . Loadi ng and fi n'ing cond'iti ons ; and

5. 'Handling and storage methods.

1

SOIL STABILIZATION I^IITH SELE HARDENING FLY ASH
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A high degrees of varlabllity can occur in f]y ashes, rot only

between power plants, but within a single power p'lant. A change in

any of the five variables can result in a change in the fiy ash pro_

duced. The degree to which any change affects the potential use of
the fly ash is a function of the change, and the particu]ar application
for which the fly ash might be used (Meyers, et a1., May !916, p. 9).

Table 1 is a comparison of chemical compositions of typica'l bitu-
minous, lignite, and lime modlfied f]y ashes (cockrell and Leonard,

1970, in Meyers, 1976, p. 11).

The specific gravity of most f1y ashes falls within the range of
2.1 to 2.6 (Meyers, et al ., May 1976, p. 11).

F1y ash is composed of non-plastic si'lt sized partic1es spherical'ly

shaped with the median particle size ranging from 0.015 to 0.05 mil'li-
meter (Figure 1, Abdun-Nur, 1961 and DiGioia and Nuzzo, Lg7?).

Properties of a self hardening fly ash from a]ow sulfur coal

obtained from campbell county, Hyoming are shown in Tab'le 2 (Thornton

and Parker, 1975, p. vi ) .

En qi neerinq Prooerti es of Fl v Ash

The compacted dry densities of fly ash are normally in the range

of 70 to 95 pcf (Meyer, et a].,1976, p. 12) when determined in accor-

dance with AASHIO T 99-74. Lower densities are often associated with

high carbon content. Densities of up to 107 pcf (Joshi, september 197g,

p. 208) have been reported, however. The moisture density relationship

for f1y ash is simi'lar to that for cohesive soils.

The strength of fly ash depends on its self-hardening characteris-

tics. F'ly ash without self-hardening characteristics is without cohe-

sion, except for capil'lary forces which may be destroyed by flooding.
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Table r. comparison of chemical compositions of typicalbituminous, Iignite, and modified fly u"h""-r--zr--'

PERCEM BY IIEIGHT

CONSTITUENT

Si02
Al2o3
Fe203
Tio2
CaO
Mgo
Na2O
Kzo
SO:

L.O.r.*
ll2O soluble

5o32.49. 10
16. 25
22.3L
1.09
4.48
1.00
0. o5
t.42
0. 73
2.2L
2 -55
2. 51

LIGNITE
ASH

10. 70
I0. 00
0.55

18.00
7. 31
0. 87
0. 68
2.6A
0. 1r
0.62
8. 55

BITUI'{INOUS
ASH

LIME
MODTFTED ASH

DOIOMiTE
MODIFIED ASH

0
33

1
I
0
2

1

I

.68

.58

.49

.L2

.7L

.20

.L2

.03
22.LI

30. 85
13. 70
11. 59

30.81
12.54
LO-72
o.42

17.90
L4.7'7
0.72
0. 99
8. 09
L.:76
1. 95

20.39

Ll ,oss -on-I9ni t ion
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6

self-hardening f1y ash may have cohesion up to 70 psi (4.9 kg/sq.cm).

The remainder of the shear strength in f]y ash is due to the angle of
internal friction which depends on dens'ity and ranges from 29o to 460.

Fly ash with self-hardening characteristics is incompressible relative
to a f'ly ash without self-hardening characteristics (Thornton, parker,

t.lhite, 1976).

F1y ashes which do not possess self-hardening properties may con_

solidate quite differently from those that do possess se'lf-hardening

properties. Primary consolidation is rapid in fly ashes without self-
hardening characteristics (Thronton and parker, 1975, pp. 11-17).

compacted f1y ashes exhibit age hardening behavior (i.€., a

time-dependent increase in strength after compaction). In some cases,

the strength'increase may be as much as 5 to g fold over a 3 month

period. Age hardening behavior is correlated best with the presence of
free lime in the fly ash (Gray and Lin, 1971, p. lZ).

vibratory compaction is best for f1y ash fi'l'ls. vibratory loads

probab'ly destroy the apparent cohesion in the f]y ash by breaking the

surface tension of the porewater

The coefficient of permeability for f1y ash depends upon its degree

of compaction and the pozzolanic activity. The coefficient of permea-

bility for some fresh self-hardening f]y ashes ranges from 1 x 10-4 to
-l5 X 10 cm/sec (Parker and Thornton, 1977, p. 24).

Enqi neeri n g Proper ties of Compac ted Soi I s

compacting soi'ls can improve the engineering properties of soils
and control the soil condition in the fie'ld. six improvements due to

compaction are listed below (Rsru, srp-377, 1965: Lambe, 1956: Sowers,

1970, pp. 204-5).
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1. compaction of the soil can reduce compressibility so that

large potential settlements of structures are eliminated prior
to or during the construction of the structure.

?. compaction of soil can be used to increase the shear strength.

3. compaction of soi'l can be used to control the volume change

tendency of the soil.

4. compaction of soil can decrease permeability of the soil.
5. compaction can help to control resilience porperties of soi.ls.

The resilience properties infruence pavement deflection and

pavement fatigue of highways.

6. compaction may be used to control the frost susceptibility of
soils.

Factors Influencinq Density

Moisture content, soil type and compactive effort influence the

value of density obtained by compaction.

1. Soil Moisture Content

The optimum moisture content, at which maximum dry density is
obtained, is the moisture condition at which the soil has become suffi-
cient'ly workable under the compactive effort used to expel most of the

air. At moisture contents less than optimum, the soil (except for

cohesionless sands) becomes increasingly more difficult to work and

thus to compress. As moisture contents are increased above optimum,

most soils become increasingly more workable.

?. Influence of Soil Type

The nature of the soil 'lnfruences the density obtained under a

gfven compactive effort. clay with high plasticity may be compacted

through a relatively wide range of moisture contents below optimum
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water content with relatively smal'l changes in density. The more

granular soils produce higher density under the same compactive effort,
and the denslty of granular soils changes rapid'ly with sma1l changes in

molsture content.

3. Influence of Compactive Effort

The type and distribution of the compaction effort determine the

density obtained in the compaction test (Johnson and sallberg, 1962,

p. 35). The greater the compactive effort, the higher the maximum

density and the lower the optimum moisture will be.

Less sginificant factors which influence density are: (1) the

temperature of the soils; (2) the amount of manipulation given the soil

during the compacting process; (3) the natural effects of "curing",

which may increase the density of the soil; and (4) the size and shape

of the mold.

Uses of Flv Ash in Soil Stabi'l'ization

F1y ash can be used either alone or in combination with'lime to

improve the dimensional stability of soils (Thornton and parker, 1.975,

p. 21).

some significant properties that must be considered when f1y ash

ls used in structural fi'lls or roadways are:

1. F1y ash displays an optimum water content at which the

greatest density is achieved for a given compaction energy in

a simi'lar manner as cohesive soils (Faber and DiGioia, L976,

P. 15).

2. The individual fly ash particles are spherical in shape

(Sea'ls, 1976, p. 32).

3. F]y ash possesses a silty texture, a specific gravity less
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than that of most naturally occurring soi1s, and no p]acticity.

The shear characteristics of f1y ash are somewhat similar to
those of a cohesionless soi'1, a slgnlficant undrained angle

of internal friction (25+ degree), and a mlnimal cohesion

intercept in a dry condition (Lewis, 1976, p. Zl).

F]y ash, produced in western pennsylvania, has an almost linear

relationship between the angle of interna'l friction and dry unit weight

of f1y ash (Faber and DiGioia,1976, p. 15). The shear strength of fly
ash depends on the degree of compaction. Pennsylvania f'ly ash behaves

much'like a cohesive soi'l in terms of conso'lidations, and compaction can

significantly reduce the compressibility of ,f1y ash (Faber and DiGioia,

1976, p. 17). Permeability for western pennsylvania f1y ash depends on

the degree of compaction and pozzolanic activity.
F1y ashy produced from I'lyoming 1ow su'lfur coal , reduces the permea-

bility of c]ay and sandy soils. Increased compactive effort increases

density and reduces permeabi'lity in soils (Thornton and parker, Lg76,

p. ?1).

Unconfined compressive strength is frequently used to evaluate the

quality of cured lime-f'ly ash mixtures. The Transportation Research

Board (Nationa'l cooperative Highway Research program 31, r976, p. 10)

reported typicai strengths for various lime-fly ash mixtures (Tab'le 3).

ASTM Procedure c 593-69 requires a minimum compressive strength of

400 ps'i for 'lime-fiy ash in nonp'lastic mixtures used in base and subbase

pavement.

Compressive strength development continues in lime-fly ash mixtures

for a substantial period of time following placement. Strength data for

a typical 'lime-f1y ash mixture is shown in Figure 2 (National Cooperative
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Highway Research program 37, 1976, p. 10).

some other properties of rime-fry ash mixtures are frexura.l
strength, modulus of,e'lasticity, poisson,s ratio, fatigue properties,
healirg, aDd durabirity (Nationa't cooperative Highway Research program

37' 1976' pp' i0-15). These properties are important in pavement structur-
al ana'lysis and in mixture proportion selection.

Effect of Dela action

If interruptions in road construction occur after rime or f1y ash

are mixed with soi'l and water, the density and strength of the stabilized
so i'l may be a f fected .

McDowell (1959, p. 64) concluded that for best hardening results,
compaction to high density at the proper time is essentiar for ail Iime
mi xtures .

Field compaction is one of the most important steps in the stabiri_
zation of soirs. several factors that affect field compaction are:
water content, effort of compaction, temperature of mix materials and

effect of delay in compaction after mixing.

A laboratory investigation conducted by Manual Mateos and D.T.
Davidson (1963, p.27) on soil-1ime-f]y ash mixtures found the best
compacting moisture for maximum strength is on the dry side of the optimum
moisture content in sandy soir and on the wet side in clayey soirs.
For clayey soils, compaction shourd be compreted not Iater than 4 hours
after wet mixing, whereas for stabirized sand, compaction could be

de]ayed until the next day without appreciabre ross of strength for the
fly ash tested.
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Tests on'lime-stabilized expansfve clay conducted in California

by Hitchell and Hooper (1961) inaicated that the time interval between

mixing (of the soi1, water and rime) and compaction courd have a pro-
nounced effect on the properties of the treated soil. For samples com_

pacted by constant compactive effort, d delay of 24 hours between mixing
and compaction led to as much as g frcf decrease in density and 30% de-

crease in as-cured strength from the values for samp'les compacted im-
mediately after mixing.

Mateos and Davidson (1963, p. 38) concluded that for mixtures of
gumbotil, calcitic hydrated lime and f.ly ash, the strength was reduced

from 32 to 49 percent depending on curing period; the compacted dry
density dropped about z pcf for 4 hours delay and about 5 pcf for 24

hours delay (Figure 3).

Research conducted by Thornton and parker (1975, p.61) shows a
small delay in compaction will cause a substantia'l decrease in both 7-

day compressive strength and the'dry density of the g0% sand and 20%

se]f-hardening fly ash mixture (Figure 4). The rate of the reduction
in strength and density grew slower with time after one hour delay in
compaction.

Durabi'l 'ity of Fl v Ash Stab il ized Soil

Durability of a construction material is defined as the resistance
to the process of weathering, erosion and traffic use over the years

of exposure. Poor durability can be a problem both for natura'l and

stabilized soirs because of increased maintenance costs.

several major factors on durability were investigated by Andres,
Givala and Barenberg (tszol in order to build lime-fly ash aggregate
pavements with a 10nger life and a lower maintenance cost:
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151. Aggregate gradation;

?. Lime plus fly ash content;

3. Ratio of lime plus fly ash to total fines;
4. Increased curing time;

5. Fiy ash content;

6. Saturation.

Durability tests of stabilized materia.l were studied to develop
a better freeze-thaw procedure (Dempsey and Thompson, 1976, p. 62).
Among those methods, cJC]ic freeze-thaw action is the major durability
factor that must be considered for lime-fly ash aggregate mixtures
(National Cooperative Highway Research program 37, 1916, p.13).

1. cycric Freeze-Thaw and Brushing Test (Rsrm c5g3-6g)

This test specified in the ASTM annua'l book required 12 cycles
of freeze-thaw, and each cycre requires brushing the specimen with
18 to 20 vertica'l strokes to cover the sides of the speciman: z-4
strokes for each end of the specimen. The average compressive strength
of the specimens tested and the average weight' .loss 

percentage of the
specimens tested is designated as the test value for evaluation.

2. Vacuum Saturation Test

Dempsey and Thompson (1973) have deve.loped genera.l relations be-
tween the compressive strength of cured stabi'rized materia.rs subject
to vacuum saturation and the compressive strength after a 5 to 10 cycle
freeze-thaw test. AsrM committee c 7.07 has revised AsrM c 593 to in-
corporate the vacuum saturatt'on testfng procedure. The standard freeze-
thaw brushing test was dereted from ASTM c 5g3. The vacuum saturation
test and data deveroped by Dempsey and rhompson can be used to predict
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the 5 to 10 cyc'les freeze-thaw strength by the re]ations shown i n

Figure 5. The standard error of this estimation is 67 psi for l0
cyc'les (Dempsey and Thompson, 1976, p. 65) .

Allen et al. (January, !977, p.10) concluded that the vacuum

saturation test is the best aiternative to freeze-thaw durability
testing. Allen proposed a chart (Figure 6) to obtain three cycle

freeze-thaw strength from vacuum saturation strength. An additional
chart (Figure 7) is proposed indicating freeze-thaw strength loss

between three and seven freeze-thaw cycles.

3. Dempsey and Thompson (I976, pp. 63-5) usedthecured strength
and residual strength test on stabilized soils as a rep.lacement

for the standard freeze-thaw test concluding that a 6g psi tensile
strength is necessary in pennsylvania for protection against freeze-

thaw.

Retarders

Sodium ch]oride (salt), calcium sulfate (gypsum), polymers and

a variety of,chemical additives have been used to retard the reactions

in cement or fiy ash mixtures. Thornton and parker (1szs, p. 14)

reported that the addition of salt to soil-f1y ash mixtures counter-

acted the effects of deiayed compaction considerab'ly. Gyspum

(smith, December, 1975, p. 63) was found to enhance the strength

development of 'lime-f1y ash-water mixtures.

Rapid C ompaction

No literature was found on equipment which was specifical'ly designed
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to compact soi'l-stabiiize mixtures rapidly after mixing. A compilation
of compaction equipment currentiy avai'tab]e is given in Table 4.

LABORATORY STUDY

The Laboratory Study was made to test the effectiveness of retarders
in preventing strength]oss as a result of delayed compaction in the

soil -f'ly ash mixtures.

teri al sed in th s

1. F'ly Ash

Pueb'lo f'ly ash was collected by a Research Cottrell electrostatic
precipitator from a 350 megawatt Combustion Engineering boiler at the

Public service company power statfon in pueblo, colorado. Texas fly
ash #1, #2, and #3 were produced in the power plant at caison, Texas

by burning subbituminous coal from Belle Ayre mine in Gillette, Wyoming.

The four samples of fly ash possessed similar physical and chemical

properties (Tab1e 5). The grain size distribution curves are shown in
Figure 8.

t. 50lts

Two types of soil, clean sand and F.lint Creek soil, were tested.
The clean sand, stored in the University concrete lab, t^las classified
sw and contained 96% sand and 4% fine graver (Figure 9). Flint creek

soil was taken from the jobsite of the power prant at Frint creek near

Gentry, Arkansas. Flint Creek soil, c]assified ML, has a liquid limit
of 23, p'lastic limit of 19, pI of 4, organic content of 1.36%, pH value

of 5.8 and specific aravity of 2.64. The grain size distribution curve
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fable- 5. Properties of Fly Ash. (From fhornton, parker & l/hite, 1975,p. 4).

Chemi ca I An al-vs is of tbe FI y Ash. a

Phys ica I Propertles of the Fl y Ash. b

22

Chemical Composition,
xby wei hr

34. 0

13. 0

6.0
20.0

si02

Al 203
Fe203

Ca0

l.ls0

Kzo

Na20

SO:

T 102

Undetermi ned

5.0

0.8
2.8

13.7

1.0
2.7

IOf;?I

Loss ori Ignition
pll

llater Solubl e Fracilon
Pozzolanic Activity Index
Speclfic Gravity
Minimum Density
lla x lmum Dens i ty (Mod I f i ed proctor 

)
Optimum Hoi sture Content
I Passinq #40 Sieve
7 Passing #100 Sieve
X Pass ing #200 Sieve
t Passlnq il325 Sleve

0.0x

11.?

t.a%

107 4.3 ps i
2.75

6?,2 pcf
118.0 pcf

9.0%

99.57,

98.02

94.0y,

85.6U

t Determined by Sargent and Lundy, Engineers, Chicago.
b Determlned in the universrty of Arkansas soils Laboratory.



23

a
o

rF z,
Otl'
tt1 .o

96
3E
Cto
o
i, Nl

=o
L
aJ an

.29i.(u
o

.oci

EEiaX
(u

L

@

;d
,', -oo

=a-

lllr

t;
j
a
aa
.!t
a
lr,

a
I

lrlr
a
a
6
C
.9
a
.9

a
a:(,
o
ai

!
.:
G

=

E(,

(J

o

J
6

oa
oo

tq0lrl /4 grurolrg lu.rr.d
ar, o

3 o
Fo

a
a
t
o
!
a

,
aa
ft
2
t
.!o
!
a
!
a
a
at

tui
j

e

vt

U'

:
=
E
()
lrJ

=
a
a

1E
o
C

.s
ao
.=
Ca
co
a
a

aD

€
o
!
C
o
o,

,;
j

oo
I

"N

-t
7
=7

/

-4,-

-.\S

-s

7

.N

S\\S

l

I

I

I

l{C!!l Iq 6urr116 lr.rr.a

a
a
a
a

t
C

a

o

':o
(9

$



24

o
v t)1

(oJ
tlt (u

(U(uL
+)(-)
(U
LPuc.
o
CJ lr

oti
.Y
oJ

t/, Q)(uL
> (-,
L
=+J(.)c

ou-
.t-, t,
=c-o ro

l.1'
+)E
q6

!
oq,+)

No,
.FL
(,(J

c
EC)
,o
Llts(50

or
I

Or

G

ci
j
a
a

l.
C'i
t
Lt

c
a
o

C'
I

a
o
a
o
C
.!
a

a
a
!
(J

o
6

a
a
a
a

I
a

a

U')

C

o
(,

!
,!
3
:,

J
(J

o
F
!
{,

:

E
t

r
ol

o
(J

t

tr
(9

t{0l.11 r(4 grurolrg t, rad
a
r,

o
a

0urtr16

lu
oo

o
oa

o
a

oo

a
a
t
o
!

a

FI
cl
<l
rl
(Jl

,,l
-I(,l :>l:
JI C

<ii
zl .<l i

lo

-l=<l:
ol :;l;
<lr
El 3
(Jl
r{
=l

ea
E

s
,:
o
':
C

q
o
a
a
ti
!
0
c
I
6

:)

n

o

o
l,

I ratraa

l
I

-t

/-

-l

F

.r1

a
'l-

iF-

fi
F

I

I

J

i

-+/'?--'

1--
I

I

I

1

II
,
-/

/

i

I

,/I-I
a

./ i
I

I

I

I-l
I
I

oOO
,al1trop Iq

+-
-
--f--

)++-
-t-F__--+-L-

,
I

I



25

Moist re- Dens i t tionshi

Modified Proctor Compaction Tests were conducted on sand-f1y ash and

F'lint Creek soil-f1y ash mixtures. Ihe ratio of f'ly ash to soil of all
specimens tested was 1:4 (20% f1y ash, go% sand in terms of total weight

of the mixture) unless otherwise noted.

Different fly ash-soil mixtures were compacted immediate'ly after wet

mixing to find the moisture-density reiations (taUte 6).

1. Maximum dry density and optimum moisture content for sand-

Pueblo f1y ash mixtures was 2.10 g/cc and s.0% respectively
( Fi gure 10) .

2. For sand-Texas f1y ash #i mixture, the maximum dry density was

2.10 g/cc, and optimum moisture content was 5.5% (Figure 11).
3. For sand-Texas fly ash #Z nixtures, the maximum dry density was

2.LZ g/cc at an optimum moisture content of 5.0% (rigure 12).

4. Compaction obtained for different f'ly ash-sand mixtures were

compared in Figure 13.

5' Flint Creek soi'l was compacted by Modified proctor compactive

effort. The optimum moisture content and maximum dry density

obtained was LZ.z% and 1.g6 g/cc respectively (Figure 14a).

6. Flint creek soil-Texas fly ash #3 mixtures had a maximum dry

density of 1.91 g/cc and an optimum moisture content of 11.5%

(Figure i5).

Unco nf Com res s V Stren

The results of the unconfined compressive strength tests for the

f1y ash-soil mixtures are also shown in lable 6.

1. The sand-f]y ash mixtures were compacted without time delay.
The maximum 7-day compressive strength for mixtures of pueblo f1y ash,
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Texas fly ash #1 and Texas f1y ash #2wereg00 psi,1g00 psi and 1300 psi

respectively (Figure 16).

2- The maximum 7-day compressive strength of F]int Creek soil with

no additive was 60 psi (Figure 14b).

3. For F'lint Creek soi'l-Texas f1y ash #3 mixtures compacted imme-

diately after mixing, the maximum l-day compressive strength was 390 psi,

a great improvement over the strength,60 psi, of F.lint Creek soil without
fly ash (Figur.e 17).

Effect of Delayed Compacti on

Delayed compaction of soil-f1y ash mixtures effects the moisture

density relation and unconfined compressive strength. Resu'lts are shown

in Table 3 for 2 hours delay and Table 7 for different time delays in
compaction.

Moisture-Density Rel ationshi ps :

1. Comparing wfth no delayed compaction, two hours de]ay in com_

paction reduced the maximum dry density of sand-Pueblo f'ly ash mixtures

from 2.10 g/c. lo 2.05 g/cc and increased the optimum moisture content

from 5.0% to 8.2% (Figures 10 and 1g).

?. For sand-Texas f1y ash #1 mixtures, two hours delay in compac_

tion decreased the maximum dry density to z.0l g/cc and increased the

optimum moisture content to g.Z% (Figures 11 and 1g).

3. The maximum dry density of sand-Texas f1y ash #2 mixtures

increased to 2.i4 g/cc End the optimum moisture content increased to

5.5% due to 2 hours delay in compaction (figures 12 and ig).
4. Mixtures with different ratios of fly ash to Flint Creek soil

were subjected to the 2 hours delayed compaction test. The results of
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moisture-density rerationships are shown in Figure 1g.

For g0% F'rint creek soir + 10% Texas fly ash #3 mixture, the optimum
moisture content and maximum dry density was 1r.g% and 1.gg g/cc res_
pecti vel y.

For g0% FIint creek soir + 20% Texas f1y ash #3 mixture, the optimum
moisture content was 14 .5% and the maximum dry density was 1 .g2 g/cc.

The mixtures of 70% Frint creek soir and 30% Texas f.ry ash #3 had
an optimum moisture content of 14.2% and a maximum dry density of 1.g0
9/cc.

5' Modffied Proctor compaction tests with different time delay were
conducted on sand-f1y ash mixtures.

For sand-pueblo fly ash mixtures, the maximum dry density decreased
from 2.07 g/cc at no delay to 1.93 g/cc at 4 hour delay. The maximum dry
density decreased from ?.r g/r, at no delay to 2.0 g/ccat 4 hours delay
(Figures Z0 and Zl).

For sand-Texas fly ash #2 mixtures, the optimum moisture content
increased from 5% at no deray in compaction to 5.5% at t hour de.ray in
compaction and kept on same percentage of moisture for 2 hours, 3 hours,
and 4 hours de]ay. The maximum dry density changed .ritt.re 

from z.z g/cc
at no delay in compaction (Figures 20 and 21).

The results of unconfined compressive strength for stabilized soil
with 2 hours delay in compaction are risted fn Table 3. Tabre 7 indi-
cates the resurts of unconfined compressive strentgh for sand_f]y ash
mixtures with different time delay in compaction.

1. For sand-pueblo f1y ash mixtures, the maximum l-day compressive
strength decreased from 740 psi at no deray to 100 psi at 4 hours deray
(Ffgure 22).
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The maximum compressive strength of sand-Texas fly ash #1 mixtures
decreased from 1g00 psi at no deray to g30 psi at 4 hours delay (Figure
22).

3. For sand-Texas f1y ash #Z mixtures, the maximum compressive

strength increased as de]ayed time increased to 2 hours, then decreased
at 3 and 4 hours delay (Figure 22).

4' Figure 23 indicates the relations between compressive strength
and water content for mixtures of sand_pueblo f1y ash, sand-Texas fiy
ash #1 and sand-Texas fty ash #2, which were compacted with 2 hours de.ray
after mixing.

5. The compressive strength, with 2 hours delay in compaction, for
90% Flint creek soir and !0% Texas fry ash #3 was 160 psi (Figure 24).

For 80% Flint Creek soil and ZA% Texas f.ly ash #3, the 2 hours delay
compressive strength was 1g0 psi. 70% Flint creek soir and 30% Texas

fly ash #3 mixtures had a maximum compressive strength of 2g0 psi.
In the reration of compressive strength vs. mofsture content of

80% F]int creek soir and z0% Texas fly ash #3 mixtures, no peak was

found on the curve, the maximum compressive strength was at the point with
the 'lowest moisture content.

Use of Chemi caI Additiye in Soi'l-Fly Mi xtures

Previous studies conducted at the university of Arkansas indicated
that TI'IP (Tni Methlol Propane) and salt could fix the water in some form
to improve the delayed compaction characteristics of soil-f1y ash mixtures
(Figures 25 and 26 compared to Figure 4).

Gypsum, PDA and protard-77 were mixed with sand-f1y ash mixtures to
reduce the effect of delayed compaction.

1- One percent (s% in terms of weight of fry ash) was the optimum
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amount of gypsum to be added to the sand-Pueblo fly ash mixture to improve

the no de]ay compressive strength (Figure 27). For Z hours delayed com_

paction, 2% gypsum was optimum to improve the delayed compressive

strength of sand-pueblo fly ash mixture (Figure 27).

2' For sand-Pueb'lo f1y ash mixtures, Protard-77 made no improvement

in the compressive strength at any time (Frgunes 2g and 29).

3. Another chemical additive, pDA, was mixed with sand-puebio fty
ash' No improvement in the compressive strength cou'td be observed in
the no delay case. However, a great improvement in the adverse effects of
delayed compaction was found (Figures 30 and 31).

4. Gypsum was used as an additive and mixed with sand_Texas fly
ash #1 mixture- Gypsum improved the strength and maxlmum dry density in
de'layed compaction (Figures 32 and 33).

E ffect of Compactfve Effort

Different compactive efforts were applied to compact sand_Texas fIy
ash #1 mixtures (Taute g). The resurts of using standard proctor and

Modified Proctor effort to compact sampre mixtures with 2 hours delay
were separated because a different sand sample was tested. The results
of using Standard Proctor effort had an optimum moisture content of 10.5%,

a maximum dry density of 1.94 g/cc and a maximum compressive strength of
685 psi. For the Modified proctor test, the optimum moisture content
was 8.2%, the maximum dry density was z.0z g/cc and the maximum compres-

sive strength was 808 psi.

Fayqltevi'lle Clay

So that the effect of f'ry ash on ar1 types of soir courd be seen,

a highly plastic clay sample was taken near the university of Arkansas
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on sunset street in Fayetteville. The liquid limit of the clay was 133

and plastic index was 97. speciffc gravity of soi'lds of the c'lay was

?.71. Eighty percent by weight of the soil particles were in the clay

size range (less than 0.002 mm).

F]y ash increased the strength of the clay from 190 psi to over

400 psi. Genera'l]y, the greater the percent of f1y ash, the greater the

strength and the lower was the optimum water content. Figures 34

through 37 contain data on the clay-fly ash mixtures.

i nt Cree est Secti

A field test at sl,rEpc0's Flint creek power p'lant f]y ash disposal

site was conducted in the suruner of 1978 to determine the effectiveness

of equipment and procedures in soil-f1y ash construction.

ab Resul ts

The fly ashes tested were produced at sl^lEpcO,s power plants at

Casion, Texas and at Flint Creek, Arkansas. Grain size curves for the

f]y ashes are presented in Figures g and 3g. chemicar analysis for
the two f1y ashes are presented in Tables 5 and 9.

Proctor and strength data for Flint creek soil-Texas f]y ash mix-

tures with and without time delay are presented in Figures 15,17,19,
and 24. with 20% f1y ash, the optimum density was 1.91 with no de'lay and

decreased to 1.82 with two hour delay (Figure 15). Unconfined compres_

sfve strength was 390 psi with no delay and decreased to 210 psi with
2 hour de]ay (Figure 17) optimum moisture content was 10% without delay

and increased to 14.5% with 2 hour de1ay. The density of mixtures de-

creased and the strength increased with increasing fly ash percentages

used (Figures 19 and 24).
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fable 9. Mineral Analysis of
Flint Creek Ash

Si'licon Dioxide, Si02

Iron Oxide, FeZ03

Aluminum 0xide, A1203

Ca'lcium 0xide, CaO

Magnesium Oxide, MgO

Sulfur Trioxide, S03

Sodium Oxide, I'lar0

Potassium 0xide, K20

Titanium Dfoxide, Ti02

Loss on Ignition

33 .0s%

5.14%

t8.49/,

25.86%

3.85%

2.26%

t.8s%

0.347

2.95%

0.46%



64

Proctor and strength data for Flint Creek soil-Flint Creek fly ash

is presented in Figures 39 and 40. The optimum strength with z0% fiy
ash and no delay'is 450 psi, which is similar to the previously tested

Texas fiy ash mixtures.

The Fi e'l d Tes t

The field test section was constructed on July 26-?1, 1g7g. Three

test strips were made, each 250 feet long by 12 feet wide (Figure 41).
The strips each contained a given percent f1y ash: L0%, ?O%, or 30%.

Each strip was divided into three sections in order to test the compac-

tion at different water contents. The three sections were made at opti-
mum water content, 2% below optimum and 4% below optimum.

The sequence of construction was as follows:

1. Two to three lnches of topsoil and grass were removed with a

motor grader.

2. water, in addition to the natural soil moisture, was added by

spraying from a water truck.

3. F]y ash was applied to the strips with a truck-mounted chemical

s preader.

4. l{ixing was done with one pass of a 7.5 foot width tractor-
mounted traver mixer (pulver type) set at 6 inches depth.

5. Compaction was done with a 1S,000 lb. rubber tired roller
(Kneomatic).

6. A thin coat of "prime oil', was app'lied to prevent evaporation.

Figure 42 through 45 are photographs of the construction sequence.

Densities of the compacted soil-fly ash mixtures ranged between

1.52 and 1.63 (95 pcf and 102 pcf). Table 10 gives the densities
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Fi gure 42

Spreading F1y Ash
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Fi gure 44

Compacti ng
F1y Ash-So'il
Mi xtures

Fi gure 45

Seal i ng
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F'ly Ash
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Table 10. Densities of the Test Sections

10% F'l y Ash 20% F1 y Ash 30% Fly Ash

Section 1

Section 2

Section 3

Section 1

Section 2

Section 3

L.62
(101 pcf)

i .61
(100 pcf)

1 .63
(102 pcf)

1. 59
(gg pcf)

1.62
(101 pcf)

1.5?
(es pcf)

t.57
(eB pcr)

1.54
(96 pct)

t.s2
(e5 pcf)

Table 11. Water Contents of the Test Sections

!Qf{ F'ly Ash 20% Y Ash 30% F1y Ash

10.5%

1A.9%

9.4%

9.9%

8.2%

6.8%

8.t%

7 .8%

5.5%
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attained by the roller as measured by a nuclear density device.
The water contents actually achieved in the field varied by as much

as 2% from that sought (Table 11). As a result, one section (Section

2 of the r0% f1y ash strip) had more moisture than the previous section.
From a practical view, there was no difference between section 1 and

Section 2 of the lA% fly ash and 30% t1y ash strips.
Return trips were made to the test site to obtain samp'les and test

results at interva'ls of one week for 4 weeks. Undisturbed samples were

difficult to obtain. she'lby tube samples were taken by forcing a thin-
walled tube into the sections with a hydraulic jack reacted against a

10 ton truck. The test sections often had enough strength to lift the
front end of a half-ton pickup truck (front wheel weight of zz00 lbs.).

The samp'ling program was not entirely satisfactory because the

samples were disturbed (crumbly) when they were removed from the Shelby
tubes' The samples, however, did show that field mixing was inadequate.

Hany samples had'layers of unmixed fly ash and most samples were mixed

to a depth of only 4 to 5 inches.

A later attempt (2 months) was made to obtain "undisturbed,,samples

with a coring machine, but even these samples degenerated before they
were taken. The coring machine was used dry and with water and com-

pressed air as drilling aids.

The inabil'ity to obtain undisturbed samples may indicate that un-

confined compressive strength was below 200 psi. In a study of soil
cement bases in California, Zube et al (tSOa; found that 200 psi was

the min'imum strength of samples which could be taken by coring.
Results of strength testing at 28 days for the samples obtained

are given in Tabl e lz. Testing in triaxial compression showed the
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Table l2

28 Days Resul ts

Flint Creek Test Section

Section 1

Section 2

10

Water Content %

Density, gm/cl 1.7 wett

Cohesion, psi

Friction Angle,o

Pocket Penetrometer, 4. 5+
tsf

F1y Ash %

20

9.3?

t.62

3

150

4.5

30

5. 95

1 .65

5.5

130

4.5

5 .88

1 .43

4.5

7o

4.5

6.'81

1 .34

l,later Content % 2.3

Density, gm/cl 1.53

Cohesion, psi 6

Friction Ang1e, o 
L?o

Pocket Penetrometer, 4.5
tsf

Water Content % 6.s

Density, gm/cl 1.46

Cohesion, ps i l
Friction Ang1e, o 70

Pocket Penetrometer, 4.ZS
tsf

8.76

I .56

7.5

110

4.5+

Section 3

*F1y Ash on top on1y, about 2,'

Angle of internar friction & c are on'ry a rough estimate

10.6

i .58*

6.5

7o

3.75 3.5
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relatively disturbed samples had a cohesion of less than 10 psi and an

ang'le of internal friction between 7 and 15 degrees. The cohesion in_
place is probably much higher because pocket penetrometen readings in
the holes the samples were taken from almost always exceeded the limits
of the pocket penetrometer (4.5+ tons per square foot). penetrometer

readings this high indicate a cohesion of over 4,500 pounds per square

foot (31 psi). Figure 46 shows the results of a typical triaxia'l test.
The higher angles of internal friction are associated with the optimum

water contents (Section 1).

The]ow strength found in the fierd test is due in part to a lack
of particle inter'lock. The Flint creek soil is primarily si.lt sized
(Figure 9) and the fly ash is silt sized (Figure 3g). when combined,

the mixture is uniform and has little partic'le inter'tock. Figure 47

is a sieve analysis for the 30% f]y ash strip, Section Z.

Another reason for row fierd strength was the low densities at-
tained in the field. Densities ranged between 1.52 and 1.63, as com-

pared to a maximum density (moatfied proctor) of 1.g7 for a zoi6 fly
ash mixture. compaction densities, therefore, were only g1% to g7% of
maximum density.

In spite of low field strength, the compacted base showed no

distress when used as a temporary haul road for heavy loads of fi.ll
material.



74

th

be
c)

s.I

taE
tE .F Ft
!+, (Jrtco(u(\l .r1 +

tn
A

t^
u1 (.'(u<t
L+, a).nL
q) q,

o(J

(tsd) q16uar15 rpeqs



75

o
( T

u_ t\g<l
ole.Foo
+r(f)L(J:,(u+u)
U1 .F

tL
ooo.nF

a.qo

D
E

6

a
a
a
a
t
3
II

a
o(,
I
r
a
a
6
C
c
a
.9
.:
a
o
(,

o
o
!
a

C
f

J
rJ

o
FJ
o

e
.:
!
alrl

l.
c
o
(J

.]
CI

"l

aa
c
oo

g,
(,

I
I

)
-/

/

./
/

/

L

I
L

/
/

/

I

/ I

I

I

I

I

t{0t.i /q grurolog tu..r.d
art oo

3F

a

s3

a
a:
{t
!
a

a
a
a
a

I
C

a
.:
tt

.:
o
(,

a
aa
at
I
a
D
.!
v,

!
a!a
a
6
o
j

G

U'

tn

=

:
=
:c
Q
lrJ

=
aaao
C

c
a
O
.:
co
Co
a
a

at

!
o
!
c
o
o
oi
j

oF
l{lta|l Iq 0ut.aad l.aoraa

/

I



76

CONCLUSIONS

1. self hardening fly ash produced in Arkansas can stabilize road

bases.

2. The strength of soi'l-fly ash mixtures may be reduced substantial'ly

by time de'lay between mixing and compaction.

3. Gypsum and some commerical cement retarders are effective in re-
ducing the adverse effects of delayed compaction.

4. F1y ash stabi'lization works best in sands and clays because of
better mechanical inter'lock with soil particles. .

5. F'ly ash characteristics vary widely. Quality control of ash used

for stabil ization is desirable.

6. Adequate mixing of soil and fly ash in the field is necessary.

7 - Rapid compaction of soi'r and fly ash is necessary. compaction

should be completed within two hours after mixing.
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